Abstract Nanostructured and mesoporous cobalt oxide (Co 3 O 4 ) nanowire in flower-like arrangements have been directly grown over flexible carbon cloth collectors using solvothermal synthesis for supercapacitor applications. Changes in the morphology and porosity of the nanowire assemblies have been induced by manipulating the calcination temperature (200-300°C) of the one-dimensional (1-D) structures, resulting in significant impact on their surface area and pseudocapacitive properties. As the calcination temperature increases from 200 to 250°C, the flower morphology gradually modifies to the point where the electrolyte could access almost all the nanowires over the entire sample volume, resulting in an increase in specific capacitance from 334 to 605 Fg -1 , depending on the nanowire electrode morphology. The 300°C calcination results in the breakdown of the mesoporous morphology and decreases the efficiency of electrolyte diffusion, resulting in a drop in pseudocapacitance after 300°C. A peak energy density of 44 Wh kg -1 has been obtained at a power density of 20 kW kg -1 for the 250°C calcined sample.
Introduction
Significant research interest has been dedicated over the past decade in the development of lightweight and environmentally friendly efficient energy storage devices to meet the various requirements of modern portable consumer electronics and hybrid electric vehicles [1] [2] [3] [4] [5] . Supercapacitors, with their higher power densities, fast charge-discharge rates and excellent cycle stabilities than batteries, and higher energy densities than conventional dielectric capacitors, offer a promising approach to satisfy the increasing power demands of energy storage systems in the twenty-first century [6] [7] [8] . Depending on the charge storage mechanisms, supercapacitors are broadly classified into two types: (1) electric double-layer capacitors which are based on high surface area carbon nanomaterials with the capacitance arising from the charge separation at the electrode/electrolyte interface and (2) pseudocapacitors based on transition metal oxides (TMOs) or conducting polymers with an additional Faradaic capacitance arising from fast, reversible redox reactions occurring at or near the solid electrode surface [9, 10] . Performance of a supercapacitor strongly depends on the morphology and properties of its electrodes [11] . An ideal electrode material should have large surface area, high conductivity, suitable pore size distribution, long-term cycle stability and electrochemical reproducibility [11] . Carbon materials possess high conductivity and long-term stability; but have lower specific capacitance as compared to pseudocapacitance materials [12] [13] [14] [15] [16] [17] [18] . On the other hand, TMOs exhibit higher specific capacitances, but have lower conductivity than the carbon-based systems [19] [20] [21] [22] [23] [24] . Conductivity of TMO-based electrodes can be enhanced by the direct growth of TMOs over conducting substrates; this process also eliminates the use of ancillary conducting material and binder in the electrode fabrication process [5, [25] [26] [27] [28] [29] [30] .
Among the different TMOs, cobalt oxide (Co 3 O 4 ) is a promising candidate for pseudocapacitors due to its easy availability, existence of variable oxidation states of metal ions which facilitate redox transitions, good pseudocapacitive behavior with high pseudocapacitance and stable cycling performance and cost-effectiveness as compared to the popular pseudocapacitor material, ruthenium oxide [21, [31] [32] [33] . As the electrochemical performance of Co 3 O 4 nanostructures largely depends on their morphology and surface area, the development of controlled synthesis techniques of Co 3 O 4 nanostructures with high electroactive area is of great importance [34] . There have been a variety of reports on the synthesis of Co 3 [36] (copper substrates) and wu et al. [37] (Ni foam substrate). Qing et al. [27] reported the facile synthesis of Co 3 O 4 nanoflowers on Ni foam by a simple solvothermal method. Tummala et al. [38] reported the deposition of nanostructured Co 3 O 4 on stainless steel current collectors by plasma spray technique.
Among the various possible morphologies of Co 3 O 4 , mesoporous one-dimensional (1-D) nanostructures are best suited for supercapacitor applications as they have the advantages of large surface area, improved electrolyte accessibility and reduced mass and charge diffusion distances [31, 34, [39] [40] [41] [42] . Very few reports are available on the direct growth of one-dimensional Co 3 O 4 nanostructures over different conducting substrates for supercapacitor applications. Gao et al. [43] reported a specific capacitance of 754 F/g at a current density of 5 mA cm -2 for Co 3 O 4 nanowire arrays directly grown over nickel foam by a simple template-free method. Zhang et al. [33] reported the facile synthesis of freestanding Co 3 O 4 nanowire arrays on Ni foam substrate with a remarkable specific capacitance of 1,160 F/g at a current density of 2 A/g. However, it is well known that the use of Ni foam as a current collector can bring about substantial errors to the specific capacitance values of electrode materials [44] . Carbon-coated flexible textiles can be used as an alternative to the Ni foam [45] . Yang et al. [26] reported the direct growth of Co 3 O 4 nanowire network (nanonet) on a carbon fiber paper with a mass loading of 0.4 mg/cm 2 with a large specific capacitance (1,124 F/g) at a high discharge current density of 25.34 A/g. In a recent work, we reported remarkable pseudocapacitance for self-organized microstructures of mesoporous Co 3 O 4 nanowires grown over two different types of carbon paper substrates by a solvothermal method [25] . The work was focused on how the surface texture of paper substrate influenced the morphology and pseudocapacitance of Co 3 O 4 . We could achieve Co 3 O 4 nanowires which are organized into flower-like morphology over planar graphitized carbon paper and brush-like morphology over fibrous non-graphitized carbon paper substrate. The work dealt with samples calcined at 250°C. But during the course of study we came across some interesting observations which revealed that the calcination temperature played a crucial role in tuning the pseudocapacitance, morphology and pore size of the sample with flower-like morphology [25] .
As the carbon substrate is sensitive to high temperature, extreme care needs to be taken in selecting the suitable calcination temperature, which can dramatically enhance the supercapacitor performance of Co 3 O 4 without damaging the carbon substrate. To the best of our knowledge, no detailed reports are available on the influence of calcination temperature on the morphology, pore structure and hence pseudocapacitance of 1-D Co 3 O 4 nanostructures grown directly over carbon cloth substrate. We could reproduce the flower-like morphology over graphitized carbon cloth substrate using a solvothermal method. In the present study, we report the effect of calcination temperature on the pseudocapacitive properties of self-organized micro flowers of 1-D Co 3 O 4 nanostructures directly grown over graphitized carbon cloth. 
General characterization
Co 3 O 4 nanostructures were characterized by a powder X-ray diffraction system (XRD, Bruker, D8 ADVANCE) equipped with Cu K a radiation (k = 0.15406 nm). BET surface area of the samples were determined using surface area and porosimetry system 'Micromeritics' (ASAP 2420) at 77 K. Before measurements, the samples were dried at 70°C for 10 h in a vacuum oven and then degassed at 200°C for 12 h until the vacuum was \2 lm Hg. The surface morphology and microstructure of the samples were investigated by a scanning electron microscopy (SEM, FEI Helios NanoLab) and transition electron microscopy (TEM, FEI Titan).
Electrochemical characterization
Electrochemical measurements were carried out in symmetric two-electrode configurations using a Model 660D electrochemical workstation (CH Instruments). Assembled coin cells for the two-electrode configuration were prepared by sandwiching two identical pieces of Co 3 O 4 nanostructures over carbon cloth (each with an area of 0.5 9 1 cm 2 ) calcined at a particular temperature by a monolayer polypropylene separator (25 lm thick, Celgard 3501), inside a coin cell (CR2032, MTI), with 30 wt% KOH (Sigma-Aldrich) as electrolyte. The mass of Co 3 O 4 in each electrode was approximately 2 mg. The approximate thickness of the active materials on the electrodes was nearly 20 lm. The area of the electrodes was nearly 0.25 cm 2 . The electrochemical properties of the supercapacitor electrodes were studied by cyclic voltammetry (CV), galvanostatic charge-discharge (CD) and electrochemical impedance spectroscopy (EIS). The CV measurements were conducted in a voltage window between 0 and 0.8 V at a wide range of scan rates, ranging from 1 mV/s to 100 V/s. The CD measurements were also carried out in the same voltage window under a wide range of current densities, from 0.25 to 25 A/g. The EIS was performed in the frequency range from 100 kHz to 10 mHz at open circuit voltage by applying a 5 mV signal. All measurements were carried out at room temperature.
The specific capacitance (C sp ) of symmetric supercapacitors was calculated from the cyclic voltammogramms and charge-discharge curves according to Eqs. (1) and (2) .
where 'i' is the average cathodic current of the CV loop and 'f' is the scan rate.
where 'I' is the constant current for charge-discharge, DV = Dt is the slope of the discharge curve and 'm' is the mass of one electrode. In the present study, for specific capacitance calculation, electrode mass was taken as 2 mg (mass of the Co 3 O 4 deposit only).
Results and discussion
1-D Co 3 O 4 structures with nanocrystalline and mesoporous nature directly grown over conducting substrates can be considered as ideal candidates for supercapacitor electrodes. Morphology, crystallinity, porosity and capacitive performance of these structures can be varied to a great extent by changing the calcination temperature. Based on the above considerations, in the present work a systematic investigation was conducted to identify the influence of calcination temperature on the morphology and hence the pseudocapacitance properties of 1-D Co 3 O 4 nanostructures directly grown over flexible carbon cloth substrate. Selforganization of these nanostructures into flower-like morphologies over flexible carbon cloth collectors was achieved by a simple solvothermal process. Changes in the morphology and porosity of the nanostructure assemblies were induced by manipulating the calcination temperature (200-300°C) of the one-dimensional (1-D) structures, resulting in significant impact on their surface area and pseudocapacitive properties. The thermal behaviors of the Co 3 O 4 samples were determined by thermogravimetric analysis (TGA) as shown in Fig. 1a . The typical TGA curves of the two precursors clearly display two-step weight loss each, due to dehydration and decomposition of the cobalt carbonate nitrate hydroxide hydrate and b-Co(OH) 2 phases. The first weight loss at the lower temperature (\250°C) is due to the elimination of adsorbed and intercalated water, while the second weight loss from 250 to 300°C corresponds to the loss of structural water and thermal oxidative decomposition of the initial products as well as desorption of residual nitrate and carbonate anions. There is no major weight loss at higher temperature in the TGA curve indicating the absence of additional structural changes in those regions. The XRD patterns of the as-prepared and calcined Co 3 O 4 samples are shown in Fig. 1b . The as-prepared sample contains a mixture of b-Co(OH) 2 (JCPDS 30-0443), cobalt carbonate nitrate hydroxide hydrate (JCPDS50-1891) and Co 3 O 4 (JCPDS Card no. 43-1003) as identified from the XRD pattern (Fig. 1i) . The sample calcined at 200°C for 4 h retains (101) peak of the bCo(OH) 2 phase along with the peaks from Co 3 O 4 (Fig. 1ii) . This residual phase can be removed by increasing the calcination temperature. Samples subjected to calcination temperatures of 225, 250 and 300°C show identical crystal structures of FCC-type Co 3 O 4 nanowires with space group of Fd3 m (Fig. 1iii, iv and v) . The peaks observed in the XRD pattern can be indexed as (111), (220), (311), (400), (422), (511), (440), (620) and (533) Fig. 3 . SEM images (Figs. 2a and b) show selforganization of nanoneedles into flower-like morphology on the surface of the graphitized carbon cloth. The nanoneedles have varying lengths of 1-15 lm and diameters \100 nm. From TEM (Fig. 3c) and HRTEM (Fig. 3d) images, it is clear that the nanoneedle exhibits a smooth texture and single crystalline feature. (a) (b) Fig. 1 a TGA curve of the as-prepared sample; b powder X-ray diffraction pattern of (i) as-prepared sample, (ii) sample calcined at 200°C, (iii) sample calcined at 225°C, (iv) sample calcined at 250°C and (v) sample calcined at 300°C
The effect of calcination temperature on the morphology of Co 3 O 4 nanostructures is clearly evident from the low and high magnification SEM images of calcined samples as shown in Fig. 4 . Figure 4a and b indicates that calcination at 200°C resulted in the flattening of rigid sharp cylindrical nanoneedles. With further increase in calcination temperature (at 225°C), the flowers grow bigger with the center changing into flexible nanowires as shown in Fig. 4c, d . Wellorganized flower-like morphologies of flexible Co 3 O 4 nanowires are achieved by calcination of as-prepared samples at 250°C (Fig. 4e and f) . High magnification images indicate that these flower-like structures are composed of cobalt oxide nanowires, with each having a length ranging from 1 to 10 lm. Further increase in calcination temperature (at 300°C) results in the breaking down of the Co 3 O 4 nanowire, destroying the flower-like morphology. To investigate the microstructure of Co 3 O 4 nanostructures in detail, TEM and HRTEM images are used (Fig. 5) . Nanowire calcined at 200°C (Fig. 5a and b) exhibits the presence of numerous nanocrystallites of Co 3 O 4 having size \3 nm as compared to the smooth texture of the as-prepared sample. The size of these nanocrystals increases further with increase in the calcination temperature. The formation of such large crystal structures can probably be attributed to the re-crystallization and aggregation of the particles during calcination, in which the small nanocrystals grow into an interconnected porous structure. From Fig. 4c -h, it is clear that Co 3 O 4 nanowires calcined above 225°C consist of numerous interconnected nanoparticles and presents a rough appearance due to a large number of mesopores. This porous structure can be ascribed to the successive release and loss of H 2 O and different gases during the oxidation/decomposition of the intermediate products Co(OH) 2 or cobalt carbonate nitrate hydroxide hydrate. The diameter of the nanowires varies from nearly 160 to 20 nm from the point of contact to the carbon cloth to the tip. For the samples calcined at 250°C, the mesoporous structure is clearly formed.
The individual nanocrystals have a size in the range of 8-12 nm and the pore sizes are in the range of a few nanometers. Further increase in the calcination temperature to 300°C leads to the formation of large crystallites having cuboid shape with average size in the range of 16-20 nm, which in turn leads to a reduction in the BET surface area and increase in pore volume.
As the Co 3 O 4 nanowires composed of nanocrystallites possess high surface area as well as mesoporosity and are self-organized into flower-like morphologies on the surface of the current collectors, they can be used as efficient electrode materials for supercapacitors. However, the charge storage efficiency of the samples calcined at different temperatures can vary due to the observed differences in orientation and morphology of the 1-D nanostructures. To identify which morphology is favorable for high-rate capacitive energy storage, cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) measurements are conducted in symmetric two-electrode configurations. It has been reported that as compared to threeelectrode configuration, measurements using two-electrode configuration is more suited for evaluating the performance of a supercapacitor test cell as it mimics the physical configuration, internal voltages and charge transfer that occurs in a real supercapacitor application and thus provides the best indication of an electrode material's performance [47] . From Fig. 7a , it is also evident that the capacitive contribution from the carbon cloth substrate to the electrodes is negligibly small. Figure 7b shows the comparison of galvanostatic charge discharge curves for the samples at a constant current density of 1 A/g. The constant current charge discharge curves of 1-D Co 3 O 4 nanostructures are nearly triangular, with reduced internal resistance at the beginning of the discharge curve. The reduction in internal resistance may be attributable to the direct contact of nanowires and the conducting carbon cloth substrate. The specific capacitance values for the supercapacitors based on samples with calcination temperatures 200, 225, 250 and 300°C, respectively, are 334, 435, 605 and 509 F/g. Even though the samples calcined at 200 and 250°C have flower-like morphology, they have less mesopores as compared to the samples calcined at 250 and 300°C. Hence the electrodeelectrolyte accessibility will be less, leading to lower capacitance. The tremendous improvement capacitance for sample calcined at 250°C can be attributed to the mesoporous nanowire morphology of Co 3 O 4 as well as their self-organization into flower-like microarchitecture on the surface of the carbon cloth, capable of holding a large quantity of electrolyte and thereby providing more electrode-electrolyte accessibility. The decrease in the specific capacitance of the sample calcined at 300°C may be due to the damage in the flower-type morphology, which reduces the quantity of electrolyte trapped in between the nanowires. But due to the well-formed mesoporous structure, the sample still exhibits higher specific capacitance than the samples calcined at 200 and 225°C.
High-performance supercapacitor electrodes should have high-rate performance. Variations in specific capacitances of symmetric supercapacitors based on the calcined samples with increase in current density are shown in Fig. 7c . In general, at lower current densities (from 0.25 to 2 A/g), the specific capacitance decreases with the increase in discharge current density; it may be caused by the internal resistance of the electrode. At an extremely low current density of 0.25 A/g, the maximum specific capacitance values for the supercapacitors based on samples with calcination temperatures 200, 225, 250 and 300°C, respectively, are 372, 524, 716 and 621 F/g. At lower current densities, ions can penetrate into the inner structure of electrode material having access to almost all available pores of the electrode, but at higher current densities an effective utilization of the material is limited only to the outer surface of electrodes. It results in the reduction of specific capacitance values. At current densities above 2 A/ g, specific capacitance tends to stabilize. The sample calcined at 250°C retains more than 83 % of its capacitance (605 F/g at a low current density of 1 A/g) retention even when the current density increases as high as 25 A/g, indicating the relatively good high-rate capability. The sample calcined at 300°C is also able to retain 79 % of its capacitance at a high current density of 25 A/g. But samples calcined at 200 and 225°C are able to retain only 60 and 65 % of their capacitance, due to the incomplete formation of nanocrystallites and mesopores. Cycle life is another important factor for evaluating the performance of a supercapacitor. Cyclic stability curves for symmetric supercapacitors at a constant current density of 1 A/g are illustrated in Fig. 7d . For samples annealed at 250 and 300°C, the specific capacitance increases gradually at the beginning of cycles and then there is a slight decrease. This phenomenon indicates that there is an initial activation process for Faradaic pseudocapacitance of mesoporous Co 3 O 4 . During the first 500 cycles, the specific capacitance of the sample annealed at 250°C increases from 605 to 625 F/g and that of Co 3 O 4 nanowires with flower-like morphology increases from 509 to 520 F/g. For the samples annealed at 250 and 300°C, the specific capacitance slowly decreases with increase in cycle numbers. Electrochemical impedance spectroscopy (EIS) can be applied to investigate electrical conductivity and ion transfer of the supercapacitor test cells. Figure 8a shows the experimental Nyquist impedance spectra for symmetric supercapacitor test cells of Co 3 O 4 samples prepared at different calcination temperatures. The impedance spectra can be divided into two regions by the so-called knee frequency, with a semicircle arc in the high-frequency region and a straight line in the low-frequency region. The real axis intercept at high frequency corresponds to the uncompensated resistance of the bulk electrolyte solution (R s ) and it is also known as equivalent series resistance (ESR). The diameter of semicircle in the high-frequency range gives the value of charge transfer resistance (R ct ). R ct is a surface property of the porous electrode which is related to the electroactive surface area. It is a combination of electrolyte accessible area and electrical conductivity of the electrode material. The larger the electroactive surface area, the lower is the charge transfer resistance. In the present study all the samples exhibit very low value for R ct , indicating high conductivity of the electrodes with Fig. 7 samples based on symmetric supercapacitors. The energy densities and power densities were derived from the charge-discharge curves at different current densities excellent electrolyte accessibility. The line at the low-frequency region making an angle 45°with the real axis is the Warburg line, which is a result of the frequency dependence of ion diffusion in the electrolyte to the electrode interface. Experimental results show that the magnitude of ESR obtained from the x-intercept of the impedance spectra for supercapacitors based on Co 3 O 4 samples prepared at calcination temperatures 200, 225, 250 and 300°C are 0.88, 0.81, 0.73 and 0.76 X, respectively. These lower values indicate consistent interfacial contact between the cobalt oxide nanowires and the carbon substrates. ESR data are an important factor in determining the maximum possible power density of a supercapacitor. The maximum power density (P max ) of the supercapacitor devices are calculated from the low-frequency data of the impedance spectra, according to the Eq. (4).
where V i is the initial voltage (here it is 1 V), R is (R s ? R ct ) and M is the total mass of two electrodes with a cell voltage of 0. Figure 8b shows the Ragone plot (power density vs. energy density) of the symmetric supercapacitors based on Co 3 O 4 calcined at different temperatures. The energy (E) and power densities (P) for the supercapacitors were calculated from charge-discharge curves at different current densities using Eq. (5) and (6), respectively.
where 'DV' is the potential window of the discharge process.
At a constant power density of 20 kW/kg, the energy densities obtained for supercapacitors based on samples with calcination temperatures 200, 225, 250 and 300°C are 17, 25, 44 and 35 Wh/kg, respectively. At a low power density of 0.2 kW/kg, the energy densities reach as high as 33, 47, 63 and 55 Wh/kg, respectively, for the samples calcined at 200, 225, 250 and 300°C. From the analysis of Ragone plot, it is evident that mesoporous Co 3 O 4 nanowires prepared by the calcination of the as-prepared sample at 250°C works as a very promising electrode material for high-performance supercapacitors. This sample maintains a high power density without much reduction in energy density.
The present study clearly demonstrates that calcination temperature plays a significant role in tuning the morphology, porosity and capacitive performance of 1-D Co 3 O 4 nanostructures. By changing calcination temperature from 200°C (flattened nanoneedles) to 250°C (mesoporous nanowires), we could nearly double the maximum capacitance of the Co 3 O 4 . The flower-like self-organization of mesoporous Co 3 O 4 nanowires obtained by the calcination of as-prepared sample at 250°C exhibits superior supercapacitor performance as compared to the other three samples. This can be attributed to the mesoporous nanowire morphology of Co 3 O 4 retaining the flower-like microarchitecture, which accelerates the Faradaic charge transfer reactions, by providing easy diffusion of KOH electrolyte between different nanowires, accessing almost all the nanowires over the entire sample. In a recent study we reported a maximum pseudocapacitance of 620 F/g at a current density of 0.25 A/g for Co 3 O 4 nanowires with flower-like morphology directly grown over carbon paper. Improvement in capacitive performance of a similar sample grown over carbon cloth substrate in the present study can be attributed to the improved wettability of the carbon cloth. It is interesting to note that even in two-electrode configuration with a high mass loading of 2 mg per electrode, the sample calcined at 250°C yields higher pseudocapacitance and rate performance behavior than most of the previously reported Co3O4 electrodes.
Conclusions
In summary, we have demonstrated that the calcination temperature plays a crucial role in tuning the nanostructure and pseudocapacitive performance of mesoporous Co 3 O 4 nanowires grown directly over carbon cloth substrate. The Co 3 O 4 nanostructure sample calcined at 250°C exhibited the best capacitive performance with high specific capacitance values (716 F/g at 0.25 A/g and 605 F/g at 1 A/g), high-rate performance (83 %) and excellent cycling stability (97 % after 5,000 charge discharge cycles) when used in symmetric two-electrode configuration. This improvement in the performance was attributed to the mesoporous nature of the Co 3 O 4 nanowires retaining the flower-like morphology and providing maximum access of aqueous electrolyte to the electrodes.
